/p-type Si ͑100͒ metal oxide semiconductor capacitors, which were fabricated using an atomic-layer-deposition technique, were post-deposition annealed under a NH 3 atmosphere in order to investigate the nitrogen incorporation behavior along with their influences on the electrical properties. X-ray photoelectron spectroscopy showed that the binding energy of Hf 4 f peak shifts to the lower values with increasing PDA temperature due to the formation of Hf-N bonds. An amorphous Al 2 O 3 interface layer suppressed N diffusion into the Si substrate. The rapid thermally annealed HfO 2 -Al 2 O 3 film at 800°C for 30 s, which contained approximately 20 at. % N in the HfO 2 layer, showed a flat-band voltage shift of ϳ30 mV ͑corresponding to a negative fixed charge ϳ1.6ϫ10 11 cm Ϫ2 ), a leakage current density of Ϫ4.7 ϫ10 Ϫ10 A/cm 2 at Ϫ1 V, a hysteresis voltage Ͻ20 mV, excellent charge-to-breakdown characteristics and the lowest surface roughness. The single layer HfO 2 film did not demonstrate good electrical properties due to excessive N diffusion into the Si substrate. A thin Al 2 O 3 capping layer deteriorates the surface morphology and electrical properties of the HfO 2 -Al 2 O 3 bilayer.
I. INTRODUCTION
The low power and high-speed applications of ultra high frequency semiconductor devices require an extremely small gate leakage and a large drive current. Since a higher gate capacitance is necessary in order to obtain the required drain currents for sub-100 nanometer scale devices, high-k gate dielectrics would replace the thin SiO 2 layer due to the lower leakage current with physically thicker layers using the same equivalent oxide thickness ͑EOT͒.
1,2 HfO 2 is a good gate insulator for these purposes due to its higher dielectric constant, thermodynamic compatibility of the interface with Si, gate polycrystalline-Si compatibility and relatively large band gaps. 3, 4 Polycrystalline-Si gate electrodes are still attractive even for high-k gate dielectrics when the required EOT is Ͻϳ2 nm due to its industrial process maturity and easy threshold voltage control. However, the easier dopant penetration through the crystallized high-k gate dielectrics during the various annealing steps after the gate patterning results in unstable device characteristics. 5, 6 The incorporation of nitrogen into high-k gate dielectrics mitigates the problem. [7] [8] [9] [10] Jung et al. recently reported that an approximately 17 at. % nitrogen incorporated HfO 2 -Al 2 O 3 nanolaminate ͑HfAlON͒ shows a very low gate leakage current and a low EOT due to the decreased metallic Hf bonding at the HfAlON laminate/Si interface. 8 It was also reported that the amorphous HfSi x O y N z films suppressed the boron and phosphorus penetration into the Si substrate after rapid thermal annealing ͑RTA͒ at 1050°C, which was very serious for the case of a crystalline HfSi x O y film. 9, 10 A HfO 2 single layer on a Si substrate usually suffers from a rather serious interfacial reaction with the Si substrate resulting in properties that do not correspond to the high-k properties. 11 The adoption of an Al 2 O 3 barrier layer [12] [13] [14] between the HfO 2 and Si-substrate greatly improves the high-k properties as well as the dopant ͑As͒ penetration behavior 12 due to the relatively high dielectric constant (k) and amorphous nature of the Al 2 O 3 barrier layer. In addition, the Al 2 O 3 barrier layer suppresses crystallization of the HfO 2 layers on it when the HfO 2 layer thickness is Ͻϳ4 nm. 13 Therefore, a HfO 2 -Al 2 O 3 bilayer appears to be a promising candidate for a high-k gate dielectric stack. However, the interposing Al 2 O 3 largely increased the negative fixed charge (Q f ), thereby inducing a large positive shift in the flat-band voltage (V fb ), which precludes its adoption to the fieldeffect-transistor ͑FET͒ devices.
Therefore, in this study, HfO 2 -Al 2 O 3 bilayers were postdeposition annealed ͑PDA͒ under a NH 3 atmosphere by RTA in order to investigate the N-incorporation behavior into the layer and its effects on the electrical behaviors, specifically the V fb and the charge-to-breakdown (Q bd ).
In this study, rather thick HfO 2 films ͑8-9 nm͒ were grown by an atomic-layer-deposition ͑ALD͒ technique on the Al 2 O 3 barrier layers, which were also grown by ALD, considering the high voltage (у2.5 V) transistor application for use in mobile DRAM with dual gate oxides. 15 It should be noted that in this specific application, a rather high Table I shows the summary of the various samples.
The film thicknesses were measured by ellipsometry and cross-section high-resolution transmission electron microscopy ͑HRTEM͒. Auger electron spectroscopy ͑AES͒ and x-ray photoelectron spectroscopy ͑XPS͒ were used to investigate the composition depth profiles and changes in the surface binding states of the HfO 2 films, respectively. The morphology and crystallinity of the films were investigated by atomic force microscopy ͑AFM͒ and x-ray diffraction ͑XRD͒, respectively. For the electrical characterization, metal-insulator-semiconductor capacitors ͑MISCAP͒ were fabricated by depositing Pt-top electrodes using an electron beam evaporation method through a shadow mask. The accurate electrode area of each measured capacitor was measured by optical microscopy. The backside of the wafer was HF cleaned with Al metallization being subsequently applied. Post-metallization annealing was performed at 400°C for 30 min under a 5% H 2 ϩ95% N 2 atmosphere to stabilize the electrical properties. A HP4194A impedance meter and a 4140B picoammeter were used to measure the capacitance vs voltage measurements (C -V) at 1 MHz and the leakagecurrent density vs voltage (J -V) measurements, respectively.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ show the representative HRTEM pictures of the sp2 and sp4, respectively. It can be seen that the total layer thickness was almost the same, and the topHfO 2 layers were crystallized irrespective of whether they had the Al 2 O 3 barrier layer or not. The interlayer ͑IL͒ thickness of sp2 is much larger than that of sp4 due to the presence of an Al 2 O 3 layer, which is amorphous after the PDA at The IL in Fig. 1͑a͒ appeared to be the Al silicate as reported by Cho et al. 13 When the dielectric constant of the Al-containing IL was assumed to be approximately 7.5, the dielectric constant of the HfO 2 layer was estimated from the Figure 2͑d͒ shows that N incorporation without an Al 2 O 3 barrier layer was rather serious and even the Si-substrate surface contained some N. The N concentration in the HfO 2 layer was similar to that of sp2, which had the same PDA temperature (800°C). However, the N concentration in the amorphous IL, which was believed to be SiO 2Ϫx containing some Hf ions, was as high as 10%. This suggests that the amorphous IL formed beneath the HfO 2 as a result of an interaction with the Si substrate does not have a rigid structure that can suppress N diffusion. The N concentration of sp5 with the capping Al 2 O 3 layer shows the highest value of approximately 30-40 at. %. This is in contrast to the usual expectation that a capping Al 2 O 3 layer might act as a N-diffusion blocking layer. The reason for this poor N-blocking property of the capping Al 2 O 3 layer must be found from the AFM shown in Fig. 3 . Figures 3͑a͒-3͑e͒ show the surface morphologies of the sp1-5 observed by AFM, respectively, and Fig. 3͑f͒ shows the variation in the root-mean-squared ͑RMS͒ roughness of the sample surfaces. The increase in the RMS roughness with increasing PDA temperature for the HfO 2 -Al 2 O 3 bilayers was negligible as shown in Figs. 3͑a͒-3͑c͒ , which is similar to the author's previous report on the RMS variation of the bilayers after the PDA under N 2 atmosphere. 12 The grain size of HfO 2 increased slightly with increasing PDA temperature, as shown in Figs. 3͑a͒-3͑c͒ . This results in an increase in the HfO 2 XRD peak intensity as shown in Fig. 4 . sp4 shows the largest RMS roughness due probably to the more crystalline structure of the HfO 2 film as shown in Fig.  3͑d͒ . It has been observed that the Al 2 O 3 IL suppressed the crystallization of HfO 2 layer during PDA as well as film deposition. 13 Therefore, the HfO 2 film in the sp4 must have the most crystallized structure although the XRD in Fig. 4 does not show a clear difference due to the small thickness of the films. Figures 2͑a͒-2͑d͒ and 3͑a͒-3͑d͒ show that N incorporation into the HfO 2 layer has a close relationship with the film microstructure; the larger grain size with a more crystallized microstructure results in a higher N concentration. Figure 3͑e͒ shows that the top Al 2 O 3 capping layer does not have a continuous film structure but has an islandlike shape as indicated by the arrows in the figure. The increased surface roughness and worsened surface morphology with increasing PDA temperature suggest that the Al 2 O 3 grew in an island manner or agglomerate during the PDA on the HfO 2 film. The surface protruded region, which is indicated by the arrows, might be Al 2 O 3 or N-incorporated HfAl x O y islands formed by PDA under the NH 3 atmosphere. Figure 4 shows the XRD patterns of the sp1-5 samples. Sp1-3 show a diffraction peak at approximately 28.3°2, which corresponds to monoclinic HfO 2 ͑111͒ with a slightly increased intensity with increasing temperature. Sp4 shows a higher intensity of the HfO 2 (111) peak compared to that of sp2, in which PDA temperature was the same, suggesting a better crystallinity of the HfO 2 film without the Al 2 O 3 IL. The (111) peak intensity of sp5 was the smallest suggesting that the thin capping Al 2 O 3 adversely interferes with the crystallization of the HfO 2 layer during PDA. The same crystallization suppression effect of the capping Al 2 O 3 layer was also observed in the N 2 ambient annealing experiments conducted at 900°C. 12 The suppression of crystallization of the HfO 2 layer on the Al 2 O 3 film during deposition or PDA suggests that the improved crystallization or grain growth of the HfO 2 film begins to occur from the surface during PDA. However, when a thin Al 2 O 3 capping layer covers the surface ͑sp5͒ the nucleation of crystallites or grain coalescence on the surface become difficult resulting in a poor crystalline quality ͑sp5͒. Meanwhile, the capping Al 2 O 3 layer agglomerates to form the islandlike protrusions on the surface as shown in Fig.  3͑e͒ . 
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Figures 5͑a͒-5͑c͒ show that the Hf 4 f peak maximum positions of sp1-3 were 17.8 eV, 17.5 eV, and 16.8 eV, respectively. This suggests that the increased nitrogen concentration in the HfO 2 layer of the HfO 2 -Al 2 O 3 bilayers with increasing PDA temperature is due to the increased nitridation of the crystalline HfO 2 layer.
The Hf 4 f peak maximum position of sp4 is approximately 17.5 eV ͓Fig. 5 ͑d͔͒, which is similar to that of sp2. Similar N concentration on the surfaces of these two samples ͑Fig. 2͒ results in the same XPS peak position shifts. Interestingly, the Hf 4 f peak position shift for sp5 ͓17.1 eV, Fig.  5͑e͔͒ is smaller than that of sp3 although sp5 has the highest N concentration ͑Fig. 2͒. This suggests that the incorporated N into sp5 do not make stable bonds to the Hf ions. ͑This will influence the reliability of the film as is shown in Figs. 7 and 8.͒ Figure 6 shows the C-V plots of the sp1-5 samples. The accumulation capacitance variation ͑or CET variation͒ according to the various treatments and film structures were discussed earlier. ing in a positive V fb . 19 However, HfO 2 /Al 2 O 3 interface showed a rather high density of positive fixed charges (ϳ10 13 cm Ϫ2 ) 13 suggesting the possibility of canceling out the negative fixed charges of the Al 2 O 3 /SiO 2 /Si interface. Furthermore, N incorporation into the Al 2 O 3 or HfO 2 produces positive fixed charges.
14 Sp1 shows a slightly positive value of V fb ͑94 mV͒ that corresponds to an N f of approximately Ϫ5ϫ10 11 cm Ϫ2 . Therefore, the increase in the N concentration occurs mainly in the HfO 2 layer, and the V fb shifts to negative voltage direction with increasing PDA temperature suggesting the formation of positive fixed charges. Sp3 shows a very large N f of approximately ϩ3 ϫ10 12 cm Ϫ2 , which means that the too much N is incorporated during the PDA at 900°C. On the other hand, sp2 shows a very small N f of approximately 1. 3 N incorporation further increases the positive N f making the film inappropriate for the FET device applications. Sp5 shows a very peculiar V fb and N f behavior. Although the film contains the highest N concentration ͑Fig. 2͒ N f still has a negative value. This might have some relationship with the relatively unstable N bonding status with the film material, as discussed in Fig. 5 . A more detailed study on this problem will be necessary. Overall, it can be understood that the PDA under the NH 3 atmosphere is a very efficient way to control the V fb of HfO 2 -Al 2 O 3 stacked films to an ideal value by controlling the level of N incorporation into the films. Figure 7 shows the variations in the leakage current densities (J) of the various samples as a function of the gate voltage. All the samples exhibit a very low J (Ͻ10 Ϫ8 A/cm 2 at Ϫ1 V) due to the relatively large thicknesses of the samples. However, a certain correlation was found between the hysteresis voltage (V hy ) in the C -V measurement and J level of each sample. The inset figure in Fig.  7 shows the V hy of sp1-5. Here, the V hy was measured from the voltage sweep from Ϫ3 V to ϩ2 V and back to Ϫ3 V. It can be observed that the larger V hy 's of sp4 and sp3 correlate to a high J at high voltages (Ͼϳ͉Ϫ2 V͉). When J is smaller than Ͻ10 Ϫ8 A/cm 2 , the V hy is commonly small (Ͻ25 mV). The V hy in the C -V curve usually originates from the charge injection and trapping of carriers at the interface or bulk of the dielectric film. Therefore, a larger J results in a larger V hy due to the enhanced charge injection. Since the current conduction mechanism in such thick films might be trap mediated electron transport, such as the PooleFrenkel injection, the large V hy , and J of sp3 and sp4 suggests that excessive nitridation of the samples results in high densities of defects in the films. The defect formation might have some relationship with the hydrogen incorporation during the PDA under the NH 3 atmosphere. It was reported that hydrogen forms electron trap sites in the films. 19 Sp5 again shows some peculiar behavior. Sp5 shows a small J and V hy although it has the highest N concentration in the film. This might also be related to the different chemical binding status of N in the film. Further studies will also be required to understand this behavior. The summary of electrical results as well as the thickness of each layer of the samples are summarized in Table I .
The interface trap densities (D it ) of sp2 samples, which has the smallest V hy , as measured by the conductance method, was approximately ϳ3ϫ10 11 cm Ϫ2 eV Ϫ1 near the midgap. This is a reasonably small value as the D it of a highk gate dielectric film. Trap formation, and, thus, a higher V hy and J are directly related to the reliability as shown in Fig. 8 . Figure 8 shows the Q bd characteristics under the conditions of constant current stress (JϭϪ30 mA/cm 2 ). Under this measurement condition the Q bd represents the resistant property of the film to the charged trap generation and dielectric breakdown.
The Q bd characteristics were consistent with J -V ͑and V hy ) behavior of Fig. 7 . The sp1 and sp2, which showed the smallest V hy , exhibit the best reliability, while sp3 and sp4 have a much lower reliability due to excessive charge trapping. 20 Sp5 shows an intermediate level of reliability. 
IV. CONCLUSIONS
The nitrogen diffusion behavior and electrical properties of HfO 2 -Al 2 O 3 /p-type Si͑100͒ were investigated to improve the leakage current, reliability characteristics and suppress the gate dopant penetration as a result of N incorporation during PDA under NH 3 atmosphere. In addition, the V fb was also kept to a desired value by controlling the proper N incorporation. An amorphous Al 2 O 3 interlayer effectively suppressed the N diffusion into the Si substrate while the crystalline HfO 2 layer easily incorporates N during the PDA at temperatures Ͼ800°C. The PDA of the HfO 2 -Al 2 O 3 bilayer at 800°C for 30 s showed the best V fb , V hy , J and reliability properties due to the proper N concentration in the film. Excessive N incorporation into the bilayer film by PDA at 900°C or as a result of skipping the Al 2 O 3 interlayer results in a high density of positive fixed charges and negative V fb . These samples also showed a poor reliability due to defect formation and charge trapping. 
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